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Intraoperative Cardioplegic Contrast Echocardiography for Assessing
Myocardial Perfusion During Open Heart Surgery
MARTIN E. GOLDMAN, MD, FACC, BRUCE P. MINDICH, MD, FACC
New York, New York
Aortic root hypothermic, hyperkalemic cardioplegic
perfusion has been shown to preserve ventricular func-
tion during open heart surgery. However, significant
coronary artery stenoses may prevent adequate perfu-
sion of myocardial regions distal to the lesions, leading
to intraoperative ischemia and damage. The purpose of
this study was to evaluate for the first time in human
patients the use of intraoperative contrast cardioplegic
echocardiography for identifying potentially jeopardized
myocardial regions as defined by cardiac catheterization.
Forty-two patients, 23 men and 19 women, aged 28
to 83 years (mean 56.7 ± 2), who had undergone cardiac
catheterization and coronary arteriography, underwent
open heart surgery; 30 had coronary artery disease.
Echocardiograms of the left ventricle, performed on the
open heart in the papillary muscle short-axis plane dur-
ing routine aortic root cardioplegia were divided into
three regions according to the coronary anatomy: septal
(left anterior descending artery), anterolateral (left cir-
cumftex)and inferoposterior (right coronary artery). In-
traoperatively, myocardial segments at greatest poten-
tial ischemic risk were identified by several findings alone
or in combination: lack of spontaneous contrast and de-
The infusion of cold potassium cardioplegia has been in-
strumental in reducing the morbidity and mortality associ-
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layed whiting out or persistent fine fibrillation. The abil-
ity of intraoperative echographic interpretation to iden-
tify high risk segments based on preoperative
catheterization findings was excellent. Thus, the sensi-
tivity of cardioplegic contrast echocardiography for pre-
dicting significant (> 70% stenosis) coronary lesions was
96, 100 and 58% for left anterior descending, left cir-
cumftex and right coronary artery regions, respectively.
Specificitywas 94,78 and 100% for anterior descending,
circumflex and right coronary artery regions, respec-
tively. Overall sensitivity and specificity for all regions
was 82 and 92%, respectively. Importantly, the echo-
cardiogram was most helpful in observing septal region
perfusion.
It is concluded that intraoperative two-dimensional
echocardiography performed during routine aortic root
cardioplegia produces patterns of spontaneous contrast
that appear to correlate well with myocardial perfusion.
This technique has potential for identifying segments at
greatest ischemic risk, thus guiding the surgeon in de-
termining the sequence of coronary artery bypass graft-
ing and providing improved intraoperative myocardial
protection.
ated with open heart surgery (1-3). The successful protec-
tion by the infused solution is predicated on adequate perfusion
to all myocardial segments. However, significant coronary
artery lesions may significantly impede cardioplegic flow,
thereby leaving myocardial segments at jeopardy for intra-
operative ischemia (4,5). Currently, the surgeon can assess
the adequacy of cardioplegic perfusion by an epicardial elec-
trogram, temperature probes and direct visualization (6).
While imaging with two-dimensional echocardiography, we
noted spontaneous "whiting out" of the myocardium during
routine aortic root cardioplegia. We hypothesized that this
0735-1097/84/$3.00
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spontaneous contrast corresponded to myocardial perfusion
by the cardioplegic solution. This study was undertaken to
determine if this finding could be applied clinically to assess
myocardial perfusion immediately intraoperatively in hu-
man patients to better protect the myocardium during open
heart operations.
Methods
Study patients. The patient study group consisted of 42
patients, 23 men and 19 women aged 28 to 83 years (mean
56 ± 2), who underwent open heart surgery after routine
cardiac catheterization and coronary arteriography. Of these
42 patients, 30 had coronary artery disease. Twenty-six
patients underwent routine coronary artery bypass surgery;
of the remaining 16 patients, 4 had aortic valve replacement,
4 had mitral commissurotomy, 1 had coronary artery bypass
surgery and aortic valve replacement, 1 had aortic and mitral
valve replacement, 1 had an atrial septal defect repair and I
had removal of a left atrial myxoma. Three patients, two
with aortic valve replacement and one with mitral valve
replacement, had single vessel coronary disease but did not
have coronary artery bypass surgery. For comparison with
the 30 patients with coronary artery disease, the 12 patients
without coronary disease served as control subjects.
Echocardiographic evaluation during cardioplegic in-
fusion. After a median sternotomy, pericardiectomy and
full heparinization, the patient was placed on cardiopul-
monary bypass with a single aortic and two stage atrial
cannulas as usual. A baseline two-dimensional echocardio-
gram was obtained by the surgeon (B.P.M.) placing a ster-
Figure 1. Baseline short-axis echocardiographic view of the left
ventricle at the level of the chordae tendineae/papillary muscles.
The three demarcated regions are: the septal (IVS) corresponding
to the left anterior descending artery distribution, inferior (lNF)
or right coronary artery distribution and anterolateral (ANT-LAT)
or left circumflex artery distribution. RV = right ventricle.
ilely prepared 5 MHz transducer (ATL Mark III system)
directly on the free right ventricular wall. Gain settings were
adjusted at the beginning of each study and were not changed
throughout the study. For orientation, the short-axis view
at the level of the tips of the papillary muscle level was
imaged during sinus rhythm. The patient was then cooled
to 28°C, the aortic cross-clamp applied and the transducer
replaced on the heart for baseline imaging and for continuous
videotape recording for immediate and later analysis. The
transducer position and angle were maintained throughout
the study. Hypothermic (4°C), hyperkalemic cardioplegic
solution was then delivered to the ascending aorta by a roller
infusion pump at a controlled flow rate of I liter over 3
minutes and 20 seconds through a 14 gauge cannula con-
nected to a 3/32 inch (2.39 mm) polyvinyl chloride tubing.
A liter of standard St. Thomas cardioplegic solution consists
of calcium chloride 2.3 mM/liter, magnesium sulfate 16
mM/liter, potassium chloride 20 mMlliter, 25 mEq procaine
hydrochloride 0.8 mMlliter, sodium chloride 147 mM/liter
and tham buffer 0.6 mEq/liter. The solution was kept at a
constant temperature by recirculation through a coil im-
mersed in an ice bath before delivery into the aortic root.
The cardioplegia was delivered at a constant flow rate to
produce a steady aortic root pressure of 110 to 120 mm Hg.
Two-dimensional echocardiographic images were recorded
continuously until the cardioplegic infusion was complete.
Epicardial temperature probes and direct epicardial visual-
ization were used independently to assess adequacy of myo-
cardial cooling and cessation of contraction.
During cardioplegic infusion, spontaneous whiting out
of myocardial segments would occur. In the patients with
normal coronary arteries, the entire myocardium would uni-
formly and simultaneously whiten. In patients with coronary
artery disease, certain areas remained black, with no change
from the baseline study while others whitened very slowly
compared with other regions (Fig. I and 2). Additionally,
certain areas that did not whiten completely continued to
finely fibrillate. In the 27 patients with coronary artery dis-





ease who underwent coronary artery bypass surgery, the
sequence of graft insertion was determined on the basis of
the echographic finding of a nonprotected myocardial seg-
ment by echocardiographer and surgeon consensus. If more
than one segment did not whiten , the area that whitened the
least or the most slowly, or both, or with persistent fine
fibrillation was considered at greatest jeopardy and the sup-
plying coronary artery was bypassed first. Immediately after
suturing the distal graft anastomosis, cardioplegia was in-
stilled selectively through the graft. This was also imaged
echocardiographically and showed whiting out of the sup-
plied region . Since the echocardiograms were performed
during routine cardioplegia instillation , the surgical proce-
dure was only prolonged by I to 2 minutes due to technical
aspects of preparation and orientation of the echocardiogram.
Echocardiographic analysis. The left ventricular myo-
cardium imaged in the short-axis papillary muscle plane was
divided into three segments based on the usual coronary
artery supply: the septal (left anterior descending artery),
anterolateral (left circumflex artery) and inferoposterior (right
coronary artery) (Fig . I) . All studies were read initially
on-line intraoperatively to determine the most jeopardized
myocardial segment. To determine the accuracy of the in-
traoperative interpretation of the cardioplegic contrast , a
more formal analysis was undertaken postoperatively in which
all echographic images were played in slow or fast motion
and single frame. The postoperative echographic analysis
consisted of outlining the whited out myocardium in cross
section from single and multiple frames at baseline and peak
cardioplegia. Echographic images were read blindly by two
reviewers to determine by consen sus if the individual seg-
ments demonstrated spontaneous contrast during cardiople-
gia (complete or partial ) or whether the segment remained
unchanged from the baseline image . Additional findings
such as persistent fine fibrillation , cavity dilation and re-
laxation and microbubble flow during selective cardioplegic
injection were also noted.
Analysis of the intraoperatively identified myocardial
Figure 2. The same short-axis view as in Figure I after aortic
root cardioplegic infusion in a patient who had a significant left
anterior descending coronary artery stenosis. Note the " whiting
out" of the anterior and inferior regions while the septal region
supplied by the stenotic vessel remains black correlating with the
lack of cardioplegic perfusion. Abbreviations as in Figure I.
segment or segments most jeopardized was compared with
the postoperative echographic analysi s. In addtion , the post-
operative echocardiographic interpretations were then com-
pared with preoperative coronary angiographic data . The
criterion for clinically significant coronary artery obstruction
was at least 70% stenosis of the luminal diameter of the left
anterior descending, left circumflex or right coronary artery
or a major branch of these arteries. Stenosis of 50% or more
of the left main coronary artery was considered significant.
Statistical analysis. The ability of intraoperative car-
dioplegic contrast perfusion echocardiography to predict
significant coronary lesions was based on at least one of the
following findings: the lack of spontaneous contrast, delayed
whiting out compared with other areas or persistent fine
fibrillation. Analysis was performed using sensitivity, spec-
ificity and the Student's t test.
Results
Thirty of the 42 patients had coronary artery disease: 14
had three vessel disease, 10 had two vessel disease and 6
had one vessel disease (Table 1). Twelve patients who had
no significant coronary artery disease served as control sub-
jects. There were 26 left anterior descending, 19 left cir-
cumflex, 24 right coronary and 3 left main coronary artery
lesions. All patients including the 30 with coronary artery
disease and the 12 control subjects were analyzed.
A total of 126 myocardial segments were examined (3
segments in each of 42 patients). Importantly, by rate of
whiting out and fine fibrillation, the most jeopardized seg-
ments were correctly identified immediately intraoperatively
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Figure 3. Same case as in Figure 2. After ~he distal a~astomosis
uf the saphenous vein graft to the left antenor descending artery,
cardioplegic solution is infused directly through the vessel. Im-
mediately, "rnacrobubbles" areseentraversing an intramyocardial
vessel (dotted area).
Significant stenoses 26 19 24
Delayed whiting out 25 19 14
Persistent fibrillation 8 I I
*The total number of significant stenoses for each vessel with the
number that had delayed or no whiting out or persistent fine fibrillation,
or both. LAD = left anterior descending artery myocardial region; LCx
= left circumflex artery region; RCA = right coronary artery region.
in 26 of 30 patients (Fig. 2). The sensitivity of contrast
cardioplegia to detect significant coronary artery lesions for
the left anterior descending or septal regions was 96% com-
pared with 100% for the circumflex or anterolateral regions
and only 58% for the right coronary or inferior regions.
Specificity was high for all three segments (94, 78 ~nd 100%
for left anterior descending, left circumflex and nght coro-
nary artery, respectively). The overall sensitivity and spec-
ificity for all regions were 83 and 92%, respectively. Also
fine fibrillation, not obvious to the surgical observers, was
clearly seen echocardiographically in 10 of 30 cases: 8 septal
segments, I anterolateral segment and I inferior segment.
Importantly, when individiual coronary artery bypass grafts
were injected with the cardioplegic solution selectively, ac-
tual microbubbles could be seen coursing down the vessel
deep into the myocardium followed by complete w~iting
out of the supplied myocardium (Fig. 3). The whitened
myocardium was no longer evident when imaged immedi-
ately after coronary artery bypass, decanulation and ret~rn
of cardiac contractions. No neurologic, infectious or cardiac
complications resulted from this study.
Table 1. Intraoperative Echographic Findings by Individual
Myocardial Regions*
Discussion
Recent advances in myocardial protection by hypother-
mic, hyperkalemic cardioplegia have significantly reduced
the morbidity and mortality associated with cardiac surgery
(1-3). More aggressive, more complete revascularization
procedures can be undertaken since intraoperative i~chem~a
may be potentially prevented by adequate cold cardioplegia
to all myocardial segments. However, if the solution cannot
reach a myocardial region because of an obstructive coro-
nary artery lesion, protection is incomplete and myocardial
damage may ensue (4,5). Methods to ensure adequate, uni-
form cardioplegic perfusion are therefore important.
Intraoperative echocardiography. Two-dimensional
echocardiography has recently been applied during surgery
to assist in evaluating ventricular function (7), pharmacol-
ogic interventions (8) and cardiac physiology (9). During
intraoperative echocardiographic studies at our institution,
spontaneous myocardial contrast was noted during routine
aortic root hypothermic, hyperkalemic cardioplegia. Be-
cause of experimental studies (10-16) validating contrast-
enhanced two-dimensional echocardiography for assessing
myocardial perfusion abnormalities, this study was under-
taken to evaluate the potential of routine cardioplegia to
estimate perfusion in human subjects for the first time. Since
the intended application was to recognize immediately jeop-
ardized myocardial segments intraoperatively, sophisticated
computerized methods of analysis were not applied. Instead,
on-line visualization of the real time echocardiographic im-
ages were analyzed.
This study confirmed that myocardial perfusion by rou-
tine hypothermic, hyperkalemic aortic root cardioplegia cor-
related with coronary anatomy. Importantly, the echocar-
diographic images could be viewed and interpreted
immediately, allowing the surgeon to identify jeopardized
myocardial segments and infuse selective cardioplegia down
the native coronary vessel distal to the stenosis or place a
coronary bypass graft to the region first and then deliver
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cardioplegia directly. The method proved most valuable for
the septal region in which persistent fine fibrillation or lack
of adequate hypothermia could not be recognized routinely.
Although deep septal temperature probes used by some sur-
geons may give similar information, this remains to be proven.
The observation of persistent fine fibrillation in a myo-
cardial region not whitened out strongly suggests that the
lack of aortic root cardioplegic-induced contrast implies in-
adequate perfusion by the solution and potential intraoper-
ative ischemia to that segment. Additionally, myocardial
contrast after selective cardioplegic infusions down bypass
vessels affords a means of documenting adequate cardio-
plegic protection.
Factors affecting intraoperative coronary blood
flow. Under normal circumstances, coronary blood flow at
rest does not decrease until coronary artery diameter is re-
duced by 85% (17). Why then were apparent rest perfusion
defects detected echocardiographically with less severe sten-
oses? Gould (18) demonstrated that even a 40.8% diameter
coronary stenosis (a 65.1 % reduction in cross-sectional area)
could induce relative subendocardial underperfusion during
pharmacologic coronary vasodilation with dipyridamole.
Similar significant vasodilation may occur spontanesoulsy
during open heart operations immediately after placing the
patient on total cardiopulmonary bypass and cross-clamping
of the aorta, thereby producing profound myocardial isch-
emia. In response to ischemia, several factors strive to au-
toregulate coronary flow. Hypoxia itself is a very potent
stimulus for coronary vasodilation (19). Metabolites, in-
cluding adenosine (20), prostaglandins (21) and bradykinins
(22), playa significant role in mediating vasodilation in
response to hypoxia. The combination of coronary artery
vessels with varying degrees of narrowing and multiple po-
tent stimuli for vasodilation may create a "coronary steal"
syndrome. During cardioplegic instillation, the lower re-
sistance coronary beds maximally dilated by the aforemen-
tioned stimuli, could take a greater fraction of the limited
flow, thus' 'stealing" from the higher resistance beds, lead-
ing to differential whiting out detected echocardiographi-
cally, correlating with myocardial perfusion. Additionally,
the reduction of intracavitary pressures may also improve
the transmural gradient in favor of flow through the less
stenotic vessels.
Contrast echocardiography. Previously, contrast myo-
cardial perfusion studies in animals (10-16) have utilized
several different agents: Renografin-saline mixtures, hydro-
gen peroxide and gelatin-encapsulated microbubbles. How-
ever, because of potential toxicity of microcirculatory block-
age, these agents have not been applied clinically. Tei et
al. (13) utilized an agitated Renografin-saline mixture in-
jected directly into canine coronary arteries, generating a
positive contrast outline that was visually analyzed. Anal-
ysis of wall motion abnormalities induced by balloon oc-
elusion of a coronary artery yielded to good correlation
between contrast-enhanced myocardium and asynergy. Sim-
ilar to our study, areas of intramyocardial contrast were
identified visually. Importantly, intra- and interobserver re-
producibility of contrast echo delineation by simple visual
methods was very good in their study. Armstrong et al. (14)
utilized gelatin-encapsulated nitrogen microbubble injec-
tions into the dog aortic root to produce an intramyocardial
contrast effect. Contrast enhancement measured with a com-
mercially available light meter accurately identified isch-
emic left ventricular regions.
Source of intramyocardial contrast. The present study
demonstrated that intramyocardial contrast by routing aortic
root hypothermic, hyperkalemic cardioplegia correlated well
with myocardial perfusion. The source of myocardial con-
trast is probably cavitation or microbubble formation along
the long tubing system and agitation of the solution itself
in the roller pump apparatus utilized for cardioplegic deliv-
ery. The full depth myocardial contrast seen in the normal
regions may be microcapillary transport of the microbub-
bles. In addition, the cold temperature of the solution may
enhance microbubble formation and stabilization. More-
over, the temperature differential between the solution and
the myocardium may actually produce or enhance the con-
trast effect. The consitution of the cardioplegic solution
itself may be an additional source.
Study limitations. The short-axis echocardiographic
myocardial section was divided into only three regions along
usual coronary artery perfusion boundaries. There are po-
tential variations of perfusion patterns if collateral flow,
dominant vessel and coronary variants are considered. How-
ever, the regional demarcations used in this study are ar-
bitrary to facilitate intraoperative guidance. A more complex
analysis would not be feasible for immediate intraoperative
interpretation. The low sensitivity of the posterior region
(right coronary artery distribution) may have been a tech-
nical limitation of the equipment due to poorer resolution
of the fine coronary and myocardial flow in the far field.
By specifically studying the intraoperative recognition of
contrast perfusion and not applying more sophisticated
methods of analysis, differentiation among varying shades
of gray may be difficult. However, the purpose of this study
was to assess the ability of intraoperative two-dimensional
echocardiography to recognize immediately cardioplegic
contrast perfusion to guide the surgical procedure. Impor-
tantly, experience is required in recognizing subtle changes
in myocardial shadings during cardioplegic infusion and
discerning fine fibrillatory involvement of small regions.
Although complex signal analysis could facilitate more so-
phisticated tissue characterization, the off-line analysis would
preclude echocardiography as an intraoperative tool. Ad-
ditionally, the visual method has been applied previously
(13) in animal experiments with good results. Importantly,
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the purpose of this initial study was to evaluate the potent ial
intraoperative application of this techn ique. More complex
off- line analysis to evaluate the differential rate of contrast
appearance , and investigations into the source of the contrast
itself are being undertaken.
Clinical applications. Although intramyocardial per-
fusion as detected echoc ardiographically during cardiople-
gia infusion correlated well with that expected from the
coronary anatomy , what is the potent ial value of this tech-
nique? If there is two or three vesse l disease, from angio-
graphic findings alone it may be difficult to determine which
vessel to bypass first. However , in the majority of cases
with multiple vessel disease , the myocardial segment at
greatest intraoperative ischemi c risk could be determined
by intraoperative cardioplegic contrast echocardiography.
First , when all three region s were supplied by diseased
coron ary vesse ls, during continued cardioplegic infusion the
differenti al rate and degree of whiting out, even if only by
slight shades of gray, could be discerned visually. thereb y
differenti ating the regions. In addition, a myocardial seg-
ment with adequate cooling and cardioplegia would visibly
relax and thin slightly. An additional important finding in
one-third of the patients was the residual fine fibrillat ion
seen in areas with inadequate cardioplegia.
Conclusion. Intraoperative two-dimensional echocardi -
ography performed during routine aortic root hypothermic ,
hyperkalemic cardioplegic infusion generates spontaneous
intramyocardial contrast corresponding to coronary artery
perfusion . Three findings are important in identifying the
myocardial segment with poorest cardioplegic perfusion and,
therefore , probably at greatest jeopardy for intraoperative
ischemia: the lack of contrast perfu sion, delayed whiting
out and persistent fine fibrillation. This technique may allow
improved intraoperative myocardial protection and reduce
periope rative morbidity and mortality .
We are indebted to Valent in Fuster, MD for his revie w of the manu script,
Nora Burgess, MD for her surgical assis tance, the card iac anest hesio logis ts,
ope rating room nurses and those who gave the perfus ions for their patience
and assistance and Marc ia Faga n for her technical assista nce .
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